
(19) United States 
US 2010 OO60991A1 

(12) Patent Application Publication (10) Pub. No.: US 2010/0060991 A1 
Zhuang et al. (43) Pub. Date: Mar. 11, 2010 

(54) ELECTRICALLY CONTROLLED, VARIABLE (21) Appl. No.: 12/208,908 
FOCAL LENGTH LIQUID-BASED OPTICAL 
MAGINGAPPARATUS AND METHOD (22) Filed: Sep. 11, 2008 

(75) Inventors: Songlin Zhuang, Shanghai (CN); Publication Classification 
Jiabi Chen, Shanghai (CN); (51) Int. Cl. 
Runling Peng, Shanghai (CN) GO2B 3/14 (2006.01) 

(52) U.S. Cl. ........................................................ 359/666 
Correspondence Address: 
Curtis A. Vock (57) ABSTRACT 
LATHROP & GAGE LLP 
4845 Pearl East Circle, Suite 201 
Boulder, CO 80301 (US) 

An optical imaging apparatus having a variable focal length is 
disclosed. The optical imaging apparatus includes a first 
double-liquid variable focal lens and a second double-liquid 
variable focal lens. The first and second double-liquid vari 

(73) Assignee: Omnivision Technologies, Inc., able focal lenses are aligned on a common axis and operable 
Santa Clara, CA (US) to have opposite varying curvatures. 

  



Patent Application Publication Mar. 11, 2010 Sheet 1 of 17 US 2010/0060991 A1 

1OO 

v 105 
135 

13O 

125 

Woltage U 

F.G. 1 
(Prior Art) 

  



Patent Application Publication Mar. 11, 2010 Sheet 2 of 17 US 2010/0060991 A1 

FIG 2 

  



Patent Application Publication Mar. 11, 2010 Sheet 3 of 17 US 2010/0060991 A1 

FIG 3 

  



Patent Application Publication Mar. 11, 2010 Sheet 4 of 17 US 2010/0060991 A1 

11 - Y - ---------------------- - 

/ 
= 10 A 

i 
C / N 9.5. : 

bi 
- 85 

c 
8 - 

-- 

s 

- - 
- 75 ------------...-----...- 

5 60 65 70 75 8 85 

Applied voltage to the first liquid lens V 

FG. 4 



Patent Application Publication Mar. 11, 2010 Sheet 5 of 17 US 2010/0060991 A1 

5OO Design a first and a second double 
liquid variable focal lenses having 

opposite varying curvatures 

505 Align first and second 
double-liquid lenses on a 

Common axis 

F.G. 5 

  

  

  



Patent Application Publication Mar. 11, 2010 Sheet 6 of 17 US 2010/0060991 A1 

6OO 
Fabricate a first and a second 

double-liquid variable focal lenses 

605 Arrange the first and the second 
double-liquid variable focal lenses 

in a package 

610 
Provide a programmable 
controller in the package 

FIG. 6 

    

    

  

  



US 2010/0060991 A1 Mar. 11, 2010 Sheet 7 of 17 Patent Application Publication 

FIG. 7 



Patent Application Publication Mar. 11, 2010 Sheet 8 of 17 US 2010/0060991 A1 

800 \, 

805 Dielectric layer Electrode layer 
840 830 82O 835 

825 
810 V Exx xxxx xxx-xxxx-xxxxx 

XXX& . 

Conducting 
liquid layer 1 

insulating 
liquid layer 

Conducting 
liquid layer 2 

F.G. 8 

    

  

  

  

  

  



Patent Application Publication Mar. 11, 2010 Sheet 9 of 17 US 2010/0060991 A1 

900 \, 

Dielectric layer Electrode layer 
840 

Conducting 
liquid layer 1 

insulating 
liquid layer 

F.G. 9 

  

  



Patent Application Publication Mar. 11, 2010 Sheet 10 of 17 US 2010/0060991 A1 

a 10.5 / (2 
E 

10- - 

t 

d 95. 
C 

2 
mm. 

i 

3 85. | 
f 8-www.--www.www.www.----wl-wxw-w-wow-ww.ww.www.www.w---w---~~~~~~~~...~~ 

4O 50 6O 7O 8O SO 
Applied voltage U fV 

FIG 10 

  



Patent Application Publication Mar. 11, 2010 Sheet 11 of 17 US 2010/0060991 A1 

1 105 

112O 

FG 11 

  



Patent Application Publication Mar. 11, 2010 Sheet 12 of 17 US 2010/0060991 A1 

F.G. 12 

  



Patent Application Publication Mar. 11, 2010 Sheet 13 of 17 US 2010/0060991 A1 

F.G. 13 

  



Patent Application Publication Mar. 11, 2010 Sheet 14 of 17 US 2010/0060991 A1 

F.G. 14 

  



Patent Application Publication 

to 
as 

...----...-as-s-s-s-s-s-coors-cro-rocro-to-essessor 
x 

". s 
s ; 

3----------oo-era swissixworwciwishnii-inninhir in this fri 

38. 

3 i : 

FG 16 

s 
1505 

Mar. 11, 2010 Sheet 15 of 17 US 2010/0060991 A1 

  

  



Patent Application Publication Mar. 11, 2010 Sheet 16 of 17 

to 

Double-Liquid 
Variab le 
Focal 
Lens 
(1) 

Double-Liquid 
Wariable 
Focal 
Lens 
(2) 

Programmable 
Controller 

Focal length 
Selection 

FIG. 18 

US 2010/0060991 A1 

  



Patent Application Publication Mar. 11, 2010 Sheet 17 of 17 US 2010/0060991 A1 

to 
1910 1915 1905 

Triple-Layer, 
Double-Liquid 

Variable 
Focal 
Lens 

Programmable 
Controller 

Focal Length 
Selection 

FIG. 19 

  



US 2010/0060991 A1 

ELECTRICALLY CONTROLLED, VARIABLE 
FOCAL LENGTH LIQUID-BASED OPTICAL 
IMAGINGAPPARATUS AND METHOD 

FIELD OF THE INVENTION 

0001. This invention relates generally to liquid lenses. 
More particularly, this invention relates to an electrically 
controlled, variable focal length optical imaging apparatus 
and method based on double-liquid lenses. 

BACKGROUND OF THE INVENTION 

0002 Optical lenses are optical devices that refract light to 
form an image of an object. They are fundamental compo 
nents of any imaging system, including viewing devices Such 
as glasses, binoculars and telescopes, scientific instruments 
Such as microscopes and spectroscopes, analog and digital 
cameras, video cameras, medical devices such as optical cath 
eter and endoscopes, and the like. There are many types of 
optical lenses available today, manufactured from various 
materials and having different characteristics. Selecting a 
lens for use in an imaging device depends mostly on how the 
lens' characteristics enable the device to perform its special 
ized functions. 
0003. One of the most decisive characteristics is the lens 
focal length. The focal length of an optical lens is a measure 
of how strongly it converges (i.e., focuses) or diverges (i.e., 
diffuses) light. Light rays from a distant object enter a lens 
and converge into a region called the focal point. The distance 
between the center of the lens and the focal point is the focal 
length. In cameras, for example, the lenses are separated from 
the film or image sensor by their focal length. 
0004. The focal length of a lens is determined by the 
curvature, thickness and type of materials used in the lens. 
Short focal lengths yield wider angles of view and higher 
magnification. A lens with a shorter focal length also has 
greater optical power than one with a long focal length. In a 
camera, this translates into the amount of Scene that is cap 
tured in the film or sensor. Lenses with shorter focallength are 
able to capture more of an image scene than lenses with 
longer focal length. Smaller objects require shorter focal 
lengths and Vice-versa. 
0005. The focal length of a lens may therefore need to be 
adjusted in many imaging devices in order to properly capture 
an image of an object. Lenses having fixed focal lengths may 
typically require a mechanical or other optical compensation 
assembly to move the lenses so images are captured with the 
appropriate magnification. In a camera, for example, the focal 
length of a Zoom lens may be adjusted by moving a set offixed 
lenses closer or fartheraway from the film or image sensor. As 
the set is moved, an image of an object can be lined up so it 
falls directly on the film or image sensor. 
0006 Both the mechanical and optical compensation 
techniques require precise control of the mechanical position 
of the lens. Additionally, precisely spaced cams or gears must 
be used to implement synchronized movements. Such con 
ventional solutions have been considered to be complicated, 
fragile and thus expensive. The assembly together with the 
lens set may be heavy and slow to adjust. They are also not 
convenient to be implemented in Small spaces, such as in 
miniature cameras used in mobile devices. In these cases, 
mechanical movement is less Suited because it makes the 
devices susceptible to wear and is hampered by Surface ten 
S1O. 

0007 An alternative approach is to use lenses having vari 
able focal lengths. Such lenses may have a variable surface or 
material. For example, a refraction-diffraction combined 
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variable focal lens based on LCD Fresnel lenses has been 
previously proposed. Electrically motivated, the LCD Fresnel 
lenses can vary the focal length by changing the refractive 
index of the LCD material without involving any motorized 
movements. However, disadvantages such as large chromatic 
aberrations and difficulties in keeping the image plane fixed 
pose an obstacle to the practical use of these lenses. 
0008 Variable focal lenses based on the electrowetting 
principle have also been proposed. The electrowetting prin 
ciple refers to the change in the surface interface between two 
materials as a result of a Voltage difference. A conventional 
variable focal lens based on electrowetting is illustrated in 
FIG.1. Variable focal lens 100 is a double-liquid lens formed 
with a cylindrical chamber 105 enclosing two liquids, liquid 
110 and liquid 115. Liquid 110 is a conducting liquid with 
refractive index n and liquid 115 is an insulating liquid with 
refractive index n. As a result, liquid interface 120 between 
the two liquids 110-115 acts as a spherical lens. 
0009. A thin electrode layer 125 and a hydrophobic dielec 

tric layer 130 with thickness d and relative permittivity e, are 
coated inside the cylindrical chamber 105, which is typically 
a glass chamber with a transparent cap 135 placed on top. A 
voltage U is applied with a power supply 140 between the 
conducting liquid 110 and the electrode layer 125. The 
applied Voltage results in a surface charge along the two sides 
of hydrophobic dielectric layer 130 between electrode layer 
125 and conducting liquid 110. Because the amount of liquid 
inside cylindrical chamber 105 remains the same, this addi 
tional force results in a change in radius of curvature of 
interface 120 between the two liquids 110-115. The relation 
ship between the applied voltage U and the changing radius r 
of the liquid interface 120 can be described as follows: 

wherea is the inner radius of the cylindrical chamber 105, 0. 
is the initial contact angle when there is no external Voltage 
applied, e, is the permittivity of free space and Y is the 
tension coefficient of liquid interface 120 between liquids 
110-115. 
0010 Unlike conventional variable focal lenses, double 
liquid variable focal lens 100 changes its focal length electri 
cally rather than mechanically. The disadvantages of other 
conventional variable focal lenses, such as the LCD Fresnel 
lenses described above, are also avoided. Furthermore, 
because of the cylinder geometry of lens 100, interface 120 
stays well centered, even when changing its curvature. By 
matching the density of liquids 110-115, lens 100 becomes 
stable against shocks and vibrations. 
0011 Additionally, the switching speed of lens 100 is very 
Small for the typical applied Voltages, e.g., under 20 ms for a 
3 mm diameter lens, thereby making double-liquid variable 
focal lenses particularly suitable for use in small devices. 
However, one double-liquid variable focal lens cannot keep 
the image plane fixed while it changes its focallength. A fixed 
image plane ensures that the acquired image is properly 
focused and formed on the image acquisition Surface, such as 
a film or image sensor. 
0012. Accordingly, it would be desirable to provide an 
optical imaging apparatus and method based on double-liquid 
lenses that are capable of achieving a variable focallength and 
an invariable image plane without any mechanical move 
mentS. 

SUMMARY OF THE INVENTION 

0013 The invention includes an optical imaging apparatus 
having a variable focal length. The optical imaging apparatus 
includes a first double-liquid variable focal lens and a second 
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double-liquid variable focal lens. The first and second 
double-liquid variable focal lenses are aligned on a common 
axis and operable to have opposite varying curvatures. 
0014. An embodiment of the invention includes a method 
for providing a plurality of focal lengths without requiring 
mechanical movement. A first double-liquid variable focal 
lens and a second double-liquid variable focal lens are 
designed and operable to have opposite varying curvatures. 
The first and second double-liquid variable focal lenses are 
aligned on a common axis. 
0.015. Another embodiment of the invention includes a 
method of fabrication of an optical imaging apparatus having 
a variable focal length. A first and a second double-liquid 
variable focal lenses are fabricated. The first and the second 
double-liquid variable focal lenses are arranged in a package. 
A programmable controller is provided in the package to 
apply a first voltage to the first double-liquid variable focal 
lens and a second Voltage to the second double-liquid variable 
focal lens. The first voltage controls a first curvature on the 
first double-liquid variable focal lens and the second voltage 
controls a second curvature on the second double-liquid vari 
able focal lens. 
0016. A further embodiment of the invention includes a 
programmable multi-focal camera. The programmable multi 
focal camera has an image sensor to generate image data from 
an optical image and a programmable optical assembly to 
capture the optical image. The programmable optical assem 
bly has a first and a second double-liquid variable focal lens 
and a programmable controller configured to independently 
address a first voltage to the first double-liquid variable focal 
lens and a second voltage to the second double-liquid variable 
focal lens to provide a plurality of focal lengths and an invari 
able image plane at the image sensor. 
0017. Another embodiment of the invention includes a 
variable focal lens having a cylindrical chamber. A first and a 
second liquid layer holding a liquid of a first type are enclosed 
within the cylindrical chamber. A third liquid layer holding a 
liquid of a second type is placed in between the first and the 
second conducting liquid layers. 
0.018. A further embodiment of the invention includes a 
method of fabrication of an optical imaging apparatus having 
a variable focal length. A triple-layer, double-liquid variable 
focal lens is fabricated, having a first and a second liquid 
layers holding a liquid of a first type and a third liquid layer 
holding a liquid of a second type placed in between the first 
and the second liquid layers. The triple-layer, double-liquid 
variable focal lens is arranged in a package. A programmable 
controller is provided in the package to apply Voltages to the 
liquid layers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019. The invention is more fully appreciated in connec 
tion with the following detailed description taken in conjunc 
tion with the accompanying drawings, in which like reference 
characters refer to like parts throughout and in which: 
0020 FIG. 1 illustrates a prior art double-liquid variable 
focal lens; 
0021 FIG. 2 illustrates an optical imaging apparatus con 
structed in accordance with an embodiment of the invention; 
0022 FIG. 3 illustrates an optical imaging apparatus in 
which two double-liquid variable focal lenses are operable to 
have opposite varying curvatures and constructed in accor 
dance with an embodiment of the invention; 
0023 FIG. 4 illustrates a graph showing the focal length of 
an optical imaging apparatus constructed in accordance with 
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an embodiment of the invention as a function of the Voltage 
applied to the first double-liquid variable focal lens; 
0024 FIG. 5 illustrates a flow chart for providing a plural 
ity of focal lengths without mechanical movements in accor 
dance with an embodiment of the invention; 
0025 FIG. 6 illustrates a flow chart for fabricating an 
optical imaging apparatus having a variable focal length in 
accordance with an embodiment of the invention; 
0026 FIG. 7 illustrates multiple configurations for the 
double-liquid variable focal lenses used in the optical imag 
ing apparatuses of FIGS. 2-3 in accordance with an embodi 
ment of the invention; 
0027 FIG. 8 illustrates an optical imaging apparatus hav 
ing a single, triple-layer, double-liquid variable focal lens 
constructed in accordance with an embodiment of the inven 
tion; 
0028 FIG. 9 illustrates an optical imaging apparatus hav 
ing a single, triple-layer, double-liquid variable focal lens 
constructed in accordance with an embodiment of the inven 
tion; 
0029 FIG. 10 illustrates a graph showing the focal length 
of an optical imaging apparatus constructed in accordance 
with FIG.9 as a function of the voltage applied to the triple 
layer, double-liquid variable focal lens; 
0030 FIG. 11 illustrates an optical imaging apparatus 
constructed in accordance with an embodiment of the inven 
tion; 
0031 FIG. 12 illustrates an optical imaging apparatus 
constructed in accordance with another embodiment of the 
invention; 
0032 FIG. 13 illustrates a schematic diagram of an optical 
imaging apparatus when both double-liquid variable focal 
lenses operate with planar liquid interfaces in accordance 
with an embodiment of the invention; 
0033 FIG. 14 illustrates a schematic diagram of an optical 
imaging apparatus when both double-liquid variable focal 
lenses operate with non-planar liquid interfaces in accor 
dance with an embodiment of the invention; 
0034 FIG. 15 illustrates a graph showing the interface 
radius of the second double-liquid variable focal lens as a 
function of the interface radius of the first double-liquid vari 
able focal lens in accordance with an embodiment of the 
invention; 
0035 FIG. 16 illustrates a graph showing the voltage 
applied to the second double-liquid variable focal lens as a 
function of the voltage applied to the first double-liquid vari 
able focal lens in accordance with an embodiment of the 
invention; 
0036 FIG. 17 illustrates a graph showing the focal length 
of an optical imaging apparatus constructed in accordance 
with an embodiment of the invention as a function of the 
voltage applied to the first double-liquid variable focal lens, 
0037 FIG. 18 illustrates a programmable multi-focal 
camera constructed in accordance with an embodiment of the 
invention; and 
0038 FIG. 19 illustrates a programmable multi-focal 
camera constructed in accordance with another embodiment 
of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

0039. An optical imaging apparatus having a variable 
focal length is provided. The optical imaging apparatus is 
based on a double-liquid variable focal lens. AS generally 
used herein, a double-liquid variable focal lens may be any 
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lens formed of two liquids inside a chamber, such as, for 
example, the double-liquid variable focal lens shown in FIG. 
1. According to an embodiment of the invention, one liquid is 
a conducting liquid with refractive index n and another liquid 
is an insulating liquid with refractive index n. The conduct 
ing and insulating liquids have Substantially the same density, 
thereby resulting in a liquid interface between them that acts 
as a spherical lens. 
0040. In one embodiment, two double-liquid variable 
focal lenses are aligned on a common axis and operable to 
have opposite varying curvatures. The two lenses may be 
placed in a number of configurations described below 
depending on the position of the conducting and insulating 
liquids of the two lenses relative to each other. It is appreci 
ated that opposite varying curvatures, as generally used 
herein, refer to curvatures that vary in opposite directions 
from each other to have opposite signs, for example, one 
curvature varying in a convex (positive) direction and another 
curvature varying in a concave (negative) direction. Opposite 
curvatures may have the same or a different radius. 
0041. In another embodiment, a triple-layer, double-liquid 
variable focal lens having three liquid layers is provided. This 
lens may be formed of a liquid layer holding a liquid of a first 
type placed in between two liquid layers holding a liquid of a 
second type. The liquid of the first type may be a conducting 
liquid and the liquid of the second type may be an insulating 
liquid. Conversely, the liquid of the first type may be an 
insulating liquid and the liquid of the second type may be a 
conducting liquid. The three liquid layers form two liquid 
interfaces that are operable to have opposite varying curva 
tures. 

0042. In a further embodiment, an optional fixed lens is 
aligned with two double-liquid variable focal lenses or with a 
single, triple-layer double-liquid variable focal lens. A fixed 
lens, as generally used herein, may be any lens having a fixed 
position in an optical device. 
0.043 FIG. 2 illustrates an optical imaging apparatus con 
structed in accordance with an embodiment of the invention. 
Optical imaging apparatus 200 includes double-liquid vari 
able focal lens 205 and double-liquid variable focal lens 210 
aligned on common axis 215. Double-liquid variable focal 
lenses 205-210 may be any double-liquid variable focal lens 
known to one of ordinary skill in the art, such as, for example, 
double-liquid variable focal lens 100 shown in FIG. 1. 
0044) Double-liquid variable focal lenses 205-210 are 
formed of two liquids enclosed in a cylindrical chamber, Such 
as liquids 220-225 in lens 205 and liquids 230-235 in lens 
210. Each one of liquids 220-225 and liquids 230-235 is a 
conducting liquid having a given refractive index, while the 
other one of liquids 220-225 and liquids 230-235 is an insu 
lating liquid. For example, liquids 225 and 235 may be con 
ducting liquids while liquids 220 and 230 may be insulating 
liquids. As described in more detail herein below, several 
configurations of conducting and insulating liquids may be 
used in lenses 205-210. 

0045. In one embodiment, the same conducting liquid 
may be used in lenses 205-210. Similarly, the same insulating 
liquid may be used in lenses 205-210. The conducting liquid 
and the insulating liquids may have Substantially the same 
density but different refractive indices, thereby resulting in a 
liquid interface between them that acts as a spherical lens, 
such as liquid interface 240 in lens 205 and liquid interface 
245 in lens 210. 
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0046. As described above, a voltage may be applied 
between an electrode layer (not shown) coated inside the 
cylindrical chamber of lens 205 and the conducting liquid in 
each one of lenses 205-210 to alter the curvature of liquid 
interfaces 240 and 245 and change the focal length of lenses 
205-210, respectively. For example, liquid interface 240 in 
double-liquid variable focal lens 205 is altered in a positive 
direction to have a positive curvature while liquid interface 
245 in double-liquid variable focal lens 210 has a planar 
Curvature. 

0047. The effect of the applicable voltages on the curva 
ture of the lenses can be described as follows. Let n be the 
refractive index of the insulating liquids and n be the refrac 
tive index of the conducting liquids, with n >n. Various 
optical distances between double-liquid variable focal lenses 
205-210 are as illustrated, with 1' representing the position of 
image point P from infinity, that is, the distance from the 
image point P to double-liquid variable focal lens 210. As 
appreciated by one of ordinary skill in the art, image point P 
marks the location of the image plane. This distance can be 
expressed as follows: 

1 = C((((-d)-d)-d)-d) (2) 

where no refers to the refractive index of air, R refers to the 
radius of the curvature in double-liquid variable focal lens 
205. As described above, the radius R is determined by the 
voltage applied to lens 205, referred to as U. Voltage U is 
related to the contact angle 0 and the radius a of the cylin 
drical chamber in lens 205, as follows: 

---- (3) 
R2 = cosé 

0048 That is, the focallength of optical imaging apparatus 
200 depends mainly on the value of U in this case. The 
voltage applied to double-liquid variable focal lens 210, 
referred to as U does not affect the focal length of optical 
imaging apparatus 200. This is because Voltage U2 results in 
a planar curvature for liquid interface 245 in double-liquid 
variable focal lens 210. Changing the value of U may result 
in a positive or negative curvature for liquid interface 245. As 
described below, an invariable image plane requires double 
liquid variable focal lenses 205-210 to have opposite varying 
Curvatures. 

0049 Referring now to FIG. 3, an optical imaging appa 
ratus in which two double-liquid variable focal lenses are 
operable to have opposite varying curvatures and constructed 
in accordance with an embodiment of the invention is 
described. Optical imaging apparatus 300 includes double 
liquid variable focal lens 205 and double-liquid variable focal 
lens 210 aligned on common axis 215. Double-liquid variable 
focal lenses 205 has a liquid interface 305 with a positive 
curvature resulting from a voltage U applied between an 
electrode layer (not shown) coated inside the cylindrical 
chamber of lens 205 and conducting liquid 225. Similarly, 
double-liquid variable focal lens 210 has a liquid interface 
310 with a negative curvature resulting from a voltage U. 
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applied between an electrode layer (not shown) coated inside 
the cylindrical chamber of lens 210 and conducting liquid 
235. 

0050. The opposite varying curvatures of lenses 205-210 
ensure that the image plane remains invariable while the focal 
length of optical imaging apparatus 300 changes. This is so 
because when the Voltage U becomes larger, the power of 
lens 205 also becomes larger (resulting in a positive curvature 
for lens 205). To make the image plane invariable, the voltage 
U must be smaller, that is, lens 210 must have a negative 
curvature. Conversely, if the voltage U becomes smaller 
(resulting in a negative curvature for lens 205), the voltage U. 
must be larger (resulting in a positive curvature for lens 210). 
That is, the voltages applied to lenses 205-210 are applied to 
have one lens change its curvature in one direction and the 
other lens change its curvature in the opposite direction. The 
effect of the applicable voltages on the curvature of the lenses 
can be described as follows. 

0051. With various optical distances between double-liq 
uid variable focal lenses 205-210 as illustrated, the distance 1" 
between image point P' (marking the location of the image 
plane) and double-liquid variable focal lens 210 can be 
expressed as: 

R 4 n: R-(-((-d)-d)-d) " p' - 0 into n2 n2 - in - (do2 - d.) 
in2 in R3 + (n2 - n1) 02 (is 

n1 no n2R, p p (((-d)-d)-d) 
R. 5 Now let f = | n2 is -d)-d (5) n2 n2 - in 

Then 

, it p 6 it. n: R. 6-d:) (6) pp. O tio p 
= - (do2 - d.) 

0052 To make the image plane invariable, i.e., to make 
image point P" and distance 1" fixed, let: 

This results in: 

(t + Edo -d) if- d4)(n: -n) (8) 
R = - H 

not f-d:) -n (t -- Edo -dg) 

Applying geometric relations between the various optical 
distances illustrated results in: 

wherea and a are the radius of lenses 205-210, respectively, 
and k and k are the Volume percentages of insulating liquids 
220-230 relative to the total liquid in lenses 205-210, respec 
tively. 
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0053 As described above, the voltages U and U applied 
to lenses 205-210, respectively, are related to the radii of 
liquid interfaces 305-310 in lenses 205-210 as follows: 

where 0 is the initial contact angle when the applied Voltages 
are Zero, Y is the interfacial tension between the conducting 
and insulating liquids in each lens, and d is the thickness of the 
dielectric layer (not shown) coated inside the cylindrical 
chamber of lenses 205-210. 

0054. On the basis of Gaussian optical theory, the focal 
length of optical imaging apparatus can, therefore, be 
expressed as: 

f fiori R. R. (13) 
in R3 + (n2 - n1) 

(n2 - n1) n1 i? no n2R, (((-d)-d)-d:) 

0055. The relationship between the voltage U applied to 
lens 205 and the focal length fof optical imaging apparatus 
300 is illustrated in FIG. 4. Graph 400 shows an almost linear 
relationship between the applied voltage U to lens 205 and 
the focal length f of optical imaging apparatus 300. That is, 
the focal length f can be varied by simply changing the 
applied Voltages U and U2, while the image plane (repre 
sented by the image point P' and the distance 1" in Equation (5) 
above) is kept invariable. 
0056 Referring now to FIG. 5, a flow chart for providing 
a plurality of focal lengths without mechanical movements in 
accordance with an embodiment of the invention is described. 
A first and a second double-liquid variable focal lenses are 
designed to be operable with opposite varying curvatures 
(500). The first and second double-liquid variable focal lenses 
may be, for example, lenses 205-210 described above. 
0057. In one embodiment, the first double-liquid variable 
focal lens may be designed to be a concave lens and the 
second double-liquid variable focal lens may be designed to 
be a convex lens. Alternatively, in another embodiment, the 
first double-liquid variable focal lens may be designed to be a 
convex lens and the second double-liquid variable focal lens 
may be designed to be a concave lens. 
0058. The first and second double-liquid variable lenses 
are then aligned on a common axis (505). Voltages may be 
applied to the first and/or second double-liquid variable 
lenses as described above with reference to FIGS. 2-3, in 
order to change the curvature of the lenses and provide a 
plurality of variable focal lengths. By varying the lenses 
curvatures in opposite directions and by using conducting and 
insulating liquids that have substantially the same density but 
different refractive indices, the image plane of the optical 
imaging apparatus remains fixed while the focal length 
changes. 
0059 Referring now to FIG. 6, a flow chart for fabricating 
an optical imaging apparatus having a variable focal length in 
accordance with an embodiment of the invention is described. 
First, a first and a second double-liquid variable focal lenses 
are fabricated (600). The first and the second double-liquid 
variable focal lenses may be designed as described above 
with references to lenses 205-210. 
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0060 Next, the first and the second double-liquid variable 
focal lenses are arranged in a package and aligned on a com 
mon axis (605). Lastly, a programmable controller is pro 
vided in the package to Supply Voltages to the first and second 
double-liquid variable focal lenses (610). The voltages are 
used to change the curvature of the liquid interfaces in the 
double-liquid variable focal lenses, thereby changing the 
focal length of the optical imaging apparatus while keeping 
the image plane invariable. 
0061. In one embodiment, the controller may be program 
mable by a user. For example, the optical imaging apparatus 
may be a lens assembly in a camera device having a focus 
control input accessible by the user to change the focal length 
of the lens as desired. In this case, the programmable control 
ler receives the input from the user and applies the appropriate 
voltages to the first and second double-liquid variable focal 
lenses in order to achieve the desired focal length. 
0062 Referring now to FIG.7, multiple configurations for 
the double-liquid variable focal lenses used in the optical 
imaging apparatuses of FIGS. 2-3 in accordance with an 
embodiment of the invention are described. Double-liquid 
variable focal lenses 205-210 each have a conducting and an 
insulating liquid. As described above, lenses 205-210 may 
have the same or a different conducting and insulating liquid. 
For example, lenses 205-210 may have the same conducting 
liquid and the same insulating liquid. The conducting liquid 
may be, for example, salted water with a refractive index of 
n=1.38, and the insulating liquid may be, for example, an oil 
liquid with a refractive index of n=1.55. 
0063. According to an embodiment of the invention, 
lenses 205-210 may have their conducting and insulating 
liquids placed in multiple configurations. For example, lens 
205 in configuration 700 may have its insulating liquid facing 
the conducting liquid in lens 210 in configuration 705, lens 
205 in configuration 710 may have its conducting liquid 
facing the insulating liquid in lens 210 in configuration 715, 
lens 205 in configuration 720 may have its insulating liquid 
facing the insulating liquid in lens 210 in configuration 725, 
and lens 205 in configuration 730 may have its conducting 
liquid facing the conducting liquid in lens 210 in configura 
tion 735. It is appreciated that configurations 700-705, 710 
715,720-725, and 730-735 are along a common axis, passing 
through the center of lenses 205-210. 
0064. It is appreciated that configurations 720-725 and 
730-735 are characterized by having the same type of liquid 
in lenses 205-210 facing each other. Accordingly, in one 
embodiment of the invention, a single, triple-layer double 
liquid lens may be used to provide a variable focallength and 
an invariable image plane. The single, triple-layer, double 
liquid lens is also formed of a cylindrical chamber and con 
tains two liquids, one insulating and one conducting. How 
ever, in this embodiment, the two liquids are placed in three 
layers in a single, triple-layer, double-liquid lens, with one 
layer containing one type of liquid placed in between two 
layers containing the other type. 
0065 For example, the single, triple-layer, double-liquid 
lens could have an insulating liquid layer in between two 
conducting layers. Conversely, the single, triple-layer, 
double-liquid lens could have a conducting liquid layer in 
between two insulating layers. The first case would be similar 
to merging configurations 720-725 in a single lens, while the 
latter would be similar to merging configurations 730-735 in 
a single lens. 
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0.066 Referring now to FIG. 8, an optical imaging appa 
ratus having a single, triple-layer, double-liquid variable 
focal lens constructed in accordance with an embodiment of 
the invention is described. Optical imaging apparatus 800 has 
a single, triple-layer double-liquid variable focal lens 805 
formed of a cylindrical chamber enclosing three liquid layers, 
with one liquid layer in between two liquid layers holding the 
same liquid. For example, triple-layer double-liquid variable 
focal lens 805 has an insulating liquid layer 820 in between 
two conducting liquid layers 810-815. 
0067. Insulating liquid layer 820 is formed of an insulating 
liquid of refractive index n, and conducting liquid layers 
810-815 are formed of a conducting liquid of refractive index 
n, with n >n. Similar to double-liquid variable focal lenses 
205-210 described above with reference to FIGS. 2-3, lens 
805 also has an electrode layer 835 and an dielectric layer 840 
coated inside the cylindrical chamber. And similar to double 
liquid variable focal lenses 205-210, lens 805 also provides a 
variable focal length while keeping the image plane invari 
able. 
0068. The three liquid layers form two liquid interfaces 
825–830. Liquid interface 825 is shown with a positive cur 
vature while liquid interface 830 is shown with a planar 
curvature. Similar to double-liquid variable focal lenses 205 
210 described above with reference to FIGS. 2-3, the curva 
tures of liquid interfaces 825–830 can be controlled by chang 
ing the voltages applied between electrode layer 835 and 
conducting liquid layers 810-815. As described below, an 
invariable image plane requires that liquid interfaces 825–830 
have opposite varying curvatures. 
0069. With various optical distances as illustrated, the dis 
tance 1' between image point P (marking the location of the 
image plane) and triple-layer, double-liquid variable focal 
lens 805 can be expressed as: 

I = T n2 R2 (14) - d.) - d.) 

where the radius R of liquid interface 825 is determined by 
the voltage U applied between electrode layer 835 and con 
ducting liquid layer 810. Radius R is related to the contact 
angle 0 and the radiusa of the cylindrical chamber in lens 805 
as follows: 

-- (15) 
R2 = cosé 

0070 That is, the focallength of optical imaging apparatus 
800 depends mainly on the value of U in this case. The 
voltage applied between electrode layer 835 and conducting 
liquid layer 815, referred to as U does not affect the focal 
length of optical imaging apparatus 800. This is because 
Voltage U results in a planar curvature for liquid interface 
830. Changing the value of U may result in a positive or 
negative curvature for liquid interface 830. As described 
below, an invariable image plane requires liquid interfaces 
825–830 to have opposite varying curvatures. 
0071 Referring now to FIG. 9, an optical imaging appa 
ratus having a single, triple-layer, double-liquid variable 
focal lens constructed in accordance with an embodiment of 
the invention is described. Optical imaging apparatus 900 
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includes triple-layer, double-liquid variable focal lens 805. 
Triple-layer, double-liquid variable focal lenses 805 has a 
liquid interface 905 with a positive curvature resulting from a 
voltage U applied between electrode layer 835 and conduct 
ing liquid layer 810, and a liquid interface 910 with a negative 
curvature resulting from a voltage U applied between elec 
trode layer 835 and conducting liquid layer 815. 
0072 The opposite varying curvatures of interfaces 905 
910 ensure that the image plane remains invariable while the 
focallength of optical imaging apparatus 900 changes. This is 
so because when the voltage U makes the radius of the first 
liquid interface 905 smaller, the voltage U. must make the 
radius of the second liquid interface 910 larger to keep the 
image point (and the image plane) fixed. The effect of the 
applicable voltages on the curvatures of liquid interfaces 825 
830 can be described as follows. 

0073. With various optical distances as illustrated, the dis 
tance 1" between image point P' (marking the location of the 
image plane) and triple-layer, double-liquid variable focal 
lens 805 can be expressed as: 

in R. (16) R - d. no in2 (i. - n2 
in R n, R, +(n-n) - d.) 

Now let 

R. 17 f = 2 -d; (17) 
in - in2 

P = (E -d-: (18) nn R +(n-ne") 

0074 To make the image plane invariable, i.e., to make 
image point P" and distance 1" fixed, let: 

1'=' (19) 

This results in: 

(20) 

0075. Applying geometric relations between the various 
optical distances illustrated results in: 

where a is the radius of the cylindrical chamber in lens 825 
and each liquid layer covers /3 of the total liquid volume in the 
chamber. 
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0076. The voltages U and U are related to the radii of 
liquid interfaces 905-910 in lens 85 as follows: 

R2 =-a/(cos 0oheoe.U/(2Y12d)) (25) 

R's=-a/(cos 0oheoe.U.’/(2Y 12d)) (26) 
where 0 is the initial contactangle when the applied Voltages 
are Zero, Y is the interfacial tension between the conducting 
and insulating liquids, and dis the thickness of dielectric layer 
840. 
0077 On the basis of Gaussian optical theory, the focal 
length of optical imaging apparatus 900 can, therefore be 
expressed as: 

non R. R. (27) 
f = R 

(n1 - n (n, R; + (n2 - n)! i. d) 

0078. The relationship between the voltage U and the 
focal length fof optical imaging apparatus 900 is illustrated in 
FIG. 10. Graph 1000 shows an almost linear relationship 
between the applied voltage U and the focal length f of 
optical imaging apparatus 900. That is, the focal length fean 
be varied by simply changing the applied voltages U and U. 
while the image plane (represented by the image point Pand 
the distance 1" in Equation (17) above) is kept invariable. 
0079. It is appreciated by one of ordinary skill in the art 
that lens 805 is shown with two conducting layers 810-815 
and one insulating layer 820 for illustration purposes only. A 
lens having two insulating layers and one conducting layer 
may also be used to provide a variable focal length and an 
invariable image plane. 
0080 According to another embodiment of the invention, 
an optional fixed lens may be combined with the double 
liquid lenses described above (i.e., lens 205-210 and lens 
805). The fixed lens may be used to improve the optical 
properties of the optical imaging apparatus while keeping the 
image plane invariable for a variable focal length. Those 
optical properties may include, for example, dispersion, 
Zoom capabilities, and chromatic aberration, among others. 
I0081 Referring now to FIG. 11, an optical imaging appa 
ratus constructed in accordance with an embodiment of the 
invention is described. Optical imaging apparatus 1100 
includes fixed lens 1105, double-liquid variable focal lens 
1110, and double-liquid variable focal lens 1115. In this 
embodiment, double-liquid variable focal lenses 1110-1115 
are placed between the exit pupil and the back focus plane of 
fixed lens 1105. Fixed lens 1105 and double-liquid variable 
focal lenses 1110-1115 are all aligned on a common axis 
1120, passing through the center of lenses 1105-1115. 
I0082 Double-liquid variable focal lenses 1110-1115 may 
be any double-liquid variable focal lens known to one of 
ordinary skill in the art, Such as, for example, double-liquid 
variable focal lens 205-210 shown in FIGS. 2-3. According to 
an embodiment of the invention, lenses 1110-1115 are 
designed to have opposite varying curvatures. For example, 
lens 1110 may be a concave (i.e., negative) lens and lens 1115 
may be a convex (i.e., positive) lens as shown. Alternatively, 
lens 1110 may be a convex lens and lens 1115 may be a 
concave lens. As described in more detail herein below, the 
opposite varying curvatures of the lenses enables the focal or 
image plane of optical imaging apparatus 1100 to remain 
invariable for a variable focal length. 
I0083. It is appreciated by one of ordinary skill in the art 
that the focal power of optical imaging apparatus 1100 is 
mainly determined by fixed lens 1105. It is also appreciated 
that the curvature of lenses 1110-1115 may be modified as 
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desired by the voltages applied to lenses 1110-1115 (while 
still keeping the curvatures to have opposite signs). That is, 
the voltages applied to lenses 1110-1115 are applied to have 
one lens change its curvature in one direction and the other 
lens change its curvature in the opposite direction. For 
example, when lens 1110 acts as a concave lens and lens 1115 
acts as a convex lens under applied Voltages, lens 1110 
diverges incoming light rays and lens 1115 converges the 
rays. That is, the convergence angle on the image plane of 
fixed lens 1105 increases and the combined focal length of 
optical imaging apparatus 1100 decreases if the image plane 
remains fixed. Conversely, the combined focal length of opti 
cal imaging apparatus 1100 increases when lens 1110 acts as 
a convex lens and lens 1115 acts as a concave lens under 
applied Voltages. 
0084. It is further appreciated that the focal length of opti 
cal imaging apparatus 1100 can be readily adjusted by chang 
ing the applied Voltages without any mechanical movements. 
In addition, a proper regulation of the applied Voltages can 
also ensure that the Summation of conjugate distances of 
lenses 1105-1115 remains fixed, farther contributing to an 
invariable image plane. 
0085. An invariable image plane results in better focus of 
the image in the image acquisition Surface, such as a camera 
film or image sensor, thereby leading to improved image 
quality. The lack of mechanical movements to achieve a vari 
able focal length while keeping the image plane invariable 
makes the optical imaging apparatus of the invention espe 
cially suitable for use in small cameras (such as those in 
mobile devices) or any other device where robustness, size, 
speed, power consumption, and ease of use are of crucial 
importance. 
I0086 FIG. 12 illustrates an optical imaging apparatus 
constructed in accordance with another embodiment of the 
invention. Optical imaging apparatus 1200 has double-liquid 
variable focal lens 1110, double-liquid variable focal lens 
1115, and fixed lens 1105 arranged in a different configura 
tion. In this embodiment, double-liquid variable focal lenses 
1110-1115 are placed before fixed lens 1105. It is appreciated 
that the image plane of optical imaging apparatus 1200 is kept 
invariable, while its image plane changes. 
0087. Referring now to FIG. 13, a schematic diagram of an 
optical imaging apparatus when both double-liquid variable 
focal lenses operate with planar liquid interfaces in accor 
dance with an embodiment of the invention is described. 
Optical imaging apparatus 1300 includes fixed lens 1305, 
double-liquid variable focal lens 1310 and double-liquid vari 
able focal lens 1315, aligned along common axis 1320, pass 
ing through the center of lenses 1305-1315. 
0088. In the embodiment shown, double-liquid variable 
focal lenses 1310-1315 have a liquid 1 and a liquid 2. Liquid 
1 may be a conducting or insulating liquid. Conversely, liquid 
2 may be an insulating (when liquid 1 is a conducting liquid) 
or conducting (when liquid 1 is an insulating liquid) liquid. 
For illustration and description purposes, liquid interface 
1325 in double-liquid variable focal lens 1310 and liquid 
interface 1330 in double-liquid variable focal lens 1315 are a 
plane under applicable Voltages. 
I0089. In this case, when liquid interfaces 1325-1330 
become a plane under applicable Voltages, double-liquid vari 
able focal lenses 1310-1315 can be treated as a plane-parallel 
plate, which has no contribution to the total focal power of 
optical imaging apparatus 1300. That is, two double-liquid 
variable focal lenses can only change the focus position of the 
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optical imaging apparatus 1300, i.e., they can only change the 
focal length of the optical imaging apparatus 1300. The focal 
power of the optical imaging apparatus 1300 is determined by 
fixed lens 1305. 

0090 The focus position of the optical imaging apparatus, 
defined by 1", i.e., the distance from the focus point P to the 
back surface of the second double-liquid variable focal lens 
1315, can be expressed as: 

where no is the refractive index of air, n is the refractive index 
of liquid 1 as illustrated, n is the refractive index of liquid 2 
as illustrated, f is the focal length offixed lens 1305, and d. 
d, d, d, ds, and d are distances as illustrated. 
0091 For a optical imaging apparatus 1300, 1' is a con 
stant, that is, the image plane is fixed. Now let the thickness of 
the first and second double-liquid variable focal lenses 1310 
1315 be expressed by do and do, respectively, the volume 
percentage of liquid 2 in lens 1310 be expressed by k, and the 
volume percentage of liquid 2 in lens 1315 be expressed by 
k2. That is, dak do and disk-do. Equation (28) above may 
then be rewritten as: 

0092. In the general case, liquid interfaces 1325-1330 may 
be either convex or concave. To keep the focus position of the 
optical imaging apparatus 1300 invariable, one of the liquid 
interfaces 1325-1330 is a convex interface while the other is 
a concave interface. That is, the curvatures of interfaces 1325 
1330, i.e., the curvature of lenses 1310-1315, are opposite 
Curvatures. 

0093. Referring now to FIG. 14, a schematic diagram of an 
optical imaging apparatus with non-Zero focal powerfor both 
double-liquid variable focal lenses in accordance with an 
embodiment of the invention is described. Optical imaging 
apparatus 1400 has fixed lens 1405, double-liquid variable 
focal lens 1410 and double-liquid variable focal lens 1415, all 
aligned along common axis 1420, passing through the center 
of lenses 1405-1415. 

0094. In this embodiment, double-liquid variable focal 
lens 1410 has a concave interface (i.e., negative radir) while 
double-liquid variable focal lens 1415 has a convex interface 
(i.e., positive radii rs). The focus position 1" of optical imag 
ing apparatus 1400 in this case can be expressed as: 

, to n2(nia f no - d.)rs p (30) 
= n lar, + (no/no-dg)(n-n) (do2 -d: 

where 

n2rn (fo - di)f no - d. (31) 
C. : : nir - In (f, -d /no - dglin -n) } - d. 

in2 (dol - d.) 

0.095 Since r (or rs) and d' (or d's) are geometrically 
related, the latter can be expressed as a function of the former, 
that is: 
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where a and a are the inner radius of the cylindrical cham 
bers in double-liquid variable focal lenses 1410–1415, respec 
tively. 
0096 Equations (32) and (33) above also show that the 
absolute value for both r and rs have a lower limit, that is, 
rea and rs2a2. To keep the focus position, i.e., the image 
plane of optical imaging apparatus 800 fixed, the following 
holds: 

1'=' (34) 

0097 Substituting Equation (30) into Equation (34), 
results in: 

is (n2i + do2 - d.)(nia - d.)(n2 - n1) (35) 
n(no - ds) - n (not + do - d4) 

where C. is a unction of r and rs is implicated ind's. When r, 
which is determined by the voltage applied to lens 1410, is 
given, Equation (35) can be solved analytically. However, this 
results in a higher-order equation in terms of rs having extra 
neous roots. The relation between rs and r2 can beachieved by 
a numerically iterative method. 
0098. Let the voltages applied to lenses 1410-1415 be U. 
and U, respectively. According to Equation (1), the follow 
ing holds: 

r=-a/Icos 00+eoe.U/(2Y12d) (36) 

rs =-a2/(cos 00+eoe.U/(2Y12d) (37) 

0099. Since there exits a one-to-one correspondence 
between the applied Voltages U and U2 and the liquid inter 
face radii r and rs, the relationship between r and rs can be 
readily expressed into that of U and U. Under such circum 
stances, the combined focal length of optical imaging appa 
ratus 800, denoted by f, can be expressed in r, and rs as: 

f = nirors fo (38) 
(i. + n1 (fo - d.)f no - d. } 

(n2 - n1) 
n2 - in 1)(n1d f no - d5) + n1 rs 

0100. It is appreciated that Equation (38) above indicates 
that the focal length of optical imaging apparatus 1400 varies 
only with the radii r and rs of lenses 1410–1415, which, in 
turn, vary with the applied Voltages U and U, respectively. 
That is, changing the voltage applied to lenses 1410–1415 
results in a variable focal length for the entire optical imaging 
apparatus 1400 while the image plane is kept invariable (with 
the lenses 1410–1415 having opposite varying curvatures). 
0101. In addition, it is appreciated that the contribution of 
fixed lens 1405 in Equation (38) above, i.e., the contribution 
of fixed lens 1405 to the focal length of optical imaging 
apparatus 1400 is mainly due to its focal length f and to its 
positioning relative to double-liquid variable focal lenses 
1410–1415. It is then appreciated that fixed lens 805 is 
arranged relative to double-liquid variable focal lenses 1410– 
1415 in order to achieve an extended range of focal lengths f 
given the practical range of applicable Voltages U and U2. 
(typically around 0-100 V). 
0102. It is further appreciated that a similar derivation can 
be performed for the case where lens 1410 is a convex lens 
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and lens 1415 is a concave lens. Optical imaging apparatus 
1400 can therefore realize the function of Zooming and focus 
ing to observe a large area with Small magnification or a small 
area with large magnification. 
0103) In order to illustrate the focal properties of the opti 
cal imaging apparatus of the invention, simulation results are 
described below. A set of parameters are specified as follows: 
no-1, n-1.38, n-1.55, do-do-2 mm, d=0.05 mm, d. 2. 
95 mm, k=1/3, k=%, and f-10 mm. 
0104 Referring now to FIG. 15, a graph showing the inter 
face radius of the second double-liquid variable focal lens as 
a function of the interface radius of the first double-liquid 
variable focal lens in accordance with an embodiment of the 
invention is described. Graph 1500 shows radius r of lens 
1415 as a function of radius r of lens 1410 according to 
Equation (35) above. As shown in FIG. 15, the signs of r and 
r remain opposite. Due to the limits mentioned earlier for ra 
and rs, there exists a gap 1505 in graph 1500 corresponding to 
the limited range. 
0105. Additional simulation results can be obtained by 
specifying the inner radii (for example a? a 1 mm) and 
choose two liquids with a liquid interface tension coefficient 
of Y 38.1x10 N/m for two double-liquid variable focal 
lenses. Referring now to FIG.16, a graph showing the Voltage 
applied to the second double-liquid variable focal lens as a 
function of the voltage applied to the first double-liquid vari 
able focal lens in accordance with an embodiment of the 
invention is described. The relationship between voltages U, 
and U can be simulated for different dielectric thicknesses. 
Graph 1600 shows the resulting relationship between U and 
U. 
0106 Referring now to FIG. 17, a graph showing the focal 
length of an optical imaging apparatus constructed in accor 
dance with an embodiment of the invention as a function of 
the voltage applied to the first double-liquid variable focal 
lens is described. Graph 1700 shows the focal length of opti 
cal imaging apparatus 1400 as a function of the applied Volt 
age U for two different thicknesses of the dielectric layer. 
0107 As shown in FIG. 17, for a dielectric layer with 
larger thickness (curve 1705), larger voltages are required in 
order to obtain the same range of the focal length for optical 
imaging apparatus 1400. In one embodiment, the continuous 
optical Zoom of optical imaging apparatus 1400 can reach up 
to 1:2 while keeping the image plane invariable. 
0108. It is appreciated that the simulation results shown in 
FIGS. 15-17 do not consider any aberrations. It is also appre 
ciated that Equations (28)-(38) above are based on an infinite 
object and that similar derivations can be made for finite 
objects. 
0109 Referring now to FIG. 18, a programmable multi 
focal camera constructed in accordance with an embodiment 
of the invention is described. Programmable multi-focal cam 
era 1800 includes an image sensor 1805 and an optical imag 
ing apparatus having an optional fixed lens 1810, a first and a 
second double-liquid variable focal lenses 1815-1820, and a 
programmable controller 1825. As described above, pro 
grammable controller 1825 provides voltages to lenses 1815 
1820 to result in a plurality of focal lengths while keeping the 
image plane invariable. The focal lengths can be specified by 
a user as desired, via focal selection input 1830. 
0110 FIG. 19 illustrates a programmable multi-focal 
camera constructed in accordance with another embodiment 
of the invention. Programmable multi-focal camera 1900 
includes an image sensor 1905 and an optical imaging appa 
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ratus having a triple-layer, double-liquid variable focal lens 
1910, and a programmable controller 1925. As described 
above, programmable controller 1925 provides voltages to 
lens 1910 to resultina plurality offocal lengths while keeping 
the image plane invariable. The focallengths can be specified 
by a user as desired, via focal selection input 1930. 
0111 Advantageously, the optical imaging apparatuses of 
the invention provide multiple focal lengths in a single, Small 
and efficient package that can be programmed and electrically 
controlled to provide fast focal speed and accuracy. The pack 
age may be used in a variety of imaging devices, including, 
but not limited to, viewing devices such as glasses, binoculars 
and telescopes, scientific instruments such as microscopes 
and spectroscopes, analog and digital cameras, video cam 
eras, medical devices such as optical catheter and endo 
Scopes, and the like. 
0112 For example, an optical imaging apparatus may be 
integrated into a programmable camera for achieving mul 
tiple selectable focal lengths while keeping the image plane 
invariable. An invariable image plane results in better focus of 
the image in the image sensor, thereby leading to improved 
image quality. The lack of mechanical movements to achieve 
a variable focal length while keeping the image plane invari 
able makes the optical imaging apparatuses of the invention 
especially suitable for use in Small cameras (Such as those in 
mobile devices) or any other device where robustness, size, 
speed, power consumption, and ease of use are of crucial 
importance. 
0113. The programmable camera allows users to seam 
lessly and speedily change focal lengths while capturing 
images at varying distances. In contrast with traditional Zoom 
lenses, the optical imaging apparatuses built according to 
embodiments of the invention are fast, provide a more accu 
rate focus, has lower power consumption, fewer optical ele 
ments and is easily miniaturized. 
0114. The foregoing description, for purposes of explana 

tion, used specific nomenclature to provide a thorough under 
standing of the invention. However, it will be apparent to one 
skilled in the art that specific details are not required in order 
to practice the invention. Thus, the foregoing descriptions of 
specific embodiments of the invention are presented for pur 
poses of illustration and description. They are not intended to 
be exhaustive or to limit the invention to the precise forms 
disclosed; obviously, many modifications and variations are 
possible in view of the above teachings. The embodiments 
were chosen and described in order to best explain the prin 
ciples of the invention and its practical applications; they 
thereby enable others skilled in the art to best utilize the 
invention and various embodiments with various modifica 
tions as are Suited to the particular use contemplated. It is 
intended that the following claims and their equivalents 
define the scope of the invention. 

1. An optical imaging apparatus having a variable focal 
length, comprising: 

a first double-liquid variable focal lens; and 
a second double-liquid variable focal lens, 

the first and second double-liquid variable focal lenses 
aligned on a common axis and operable to have oppo 
site varying curvatures. 

2. The optical imaging apparatus of claim 1, further com 
prising a fixed lens aligned with the first and second double 
liquid variable focal lenses. 

3. The optical imaging apparatus of claim 1, further com 
prising a programmable controller configured to indepen 
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dently address a first voltage to the first double-liquid variable 
focal lens and a second Voltage to the second double-liquid 
variable focal lens to provide a plurality of focal lengths and 
an invariable image plane. 

4. The optical imaging apparatus of claim 3, wherein the 
first voltage is applied to the first double-liquid variable lens 
to generate a first curvature. 

5. The optical imaging apparatus of claim 4, wherein the 
second Voltage is applied to the second double-liquid variable 
lens to generate a second curvature. 

6. The optical imaging apparatus of claim 5, wherein the 
first curvature is a convex curvature and the second curvature 
is a concave curvature. 

7. The optical imaging apparatus of claim 6, wherein the 
first curvature is a concave curvature and the second curvature 
is a convex curvature. 

8. The optical imaging apparatus of claim 1, wherein the 
first double-liquid variable focal lens comprises: 

a first cylindrical chamber enclosing a first liquid and a 
second liquid having Substantially the same density and 
different refractive indices; and 

an electrode layer and a hydrophobic dielectric layer 
coated inside the first cylindrical chamber. 

9. The optical imaging apparatus of claim 8, wherein the 
second double-liquid variable focal lens comprises: 

a second cylindrical chamber enclosing a third liquid and a 
fourth liquid having Substantially the same density and 
different refractive indices; and 

an electrode layer and a hydrophobic dielectric layer 
coated inside the second cylindrical chamber. 

10. The optical imaging apparatus of claim 9, wherein the 
first liquid comprises a first conductive liquid and the second 
liquid comprises a first insulating liquid. 

11. The optical imaging apparatus of claim 10, wherein the 
third liquid comprises a second conductive liquid and the 
second liquid comprises a second insulating liquid. 

12. A method for providing a plurality of focal lengths 
without mechanical movements, comprising: 

designing a first and a second double-liquid variable focal 
lenses operable to have opposite varying curvatures; and 

aligning the first and second double-liquid variable focal 
lenses on a common axis. 

13. The method of claim 12, further comprising providing 
a fixed lens aligned with the first and second double-liquid 
variable focal lenses on the common axis. 

14. The method of claim 13, further comprising: 
applying a first Voltage to the first double-liquid variable 

focal lens to control a first curvature; and 
applying a second Voltage to the second double-liquid vari 

able focal lens to control a second curvature, the second 
curvature controlled to be opposite from that of the first 
Curvature. 

15. The method of claim 14, further comprising varying the 
first and second Voltages to provide a plurality of focal 
lengths. 

16. A method of fabrication of an optical imaging appara 
tus having a variable focal length, comprising: 

fabricating a first and a second double-liquid variable focal 
lenses; 

arranging the first and the second double-liquid variable 
focal lenses in a package; and 
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providing a programmable controller in the package to 
apply a first voltage to the first double-liquid variable 
focal lens and a second Voltage to the second double 
liquid variable focal lens, 
the first voltage controlling a first curvature on the first 

double-liquid variable focal lens and the second volt 
age controlling a second curvature on the second 
double-liquid variable focal lens. 

17. The method of claim 16, further comprising providing 
a fixed lens in the package, the fixed lens aligned on a com 
mon axis with the first and second double-liquid variable 
focal lenses. 

18. The method of claim 17, further comprising varying the 
first and second Voltages to keep the second curvature varying 
oppositely from the first curvature to provide an invariable 
image plane. 

19. A programmable multi-focal camera, comprising: 
an image sensor to generate image data from an optical 

image; and 
a programmable optical assembly to capture the optical 

image, the programmable optical assembly comprising: 
a first and a second double-liquid variable focal lens; and 
a programmable controller configured to independently 

address a first voltage to the first double-liquid vari 
able focal lens and a second Voltage to the second 
double-liquid variable focal lens to provide a plurality 
of focal lengths and an invariable image plane at the 
image sensor. 

20. The programmable multi-focal camera of claim 19, 
wherein the programmable optical assembly further com 
prises a fixed lens aligned on a common axis with the first and 
second double-liquid variable focal lenses. 

21. The programmable multi-focal camera of claim 20, 
wherein the programmable controller comprises an input for 
selecting a focal length from the plurality of focal lengths. 

22. The programmable multi-focal camera of claim 21, 
wherein the first double-liquid variable focal lens comprises: 

a first cylindrical chamber; 
a first and a second liquid enclosed within the first cylin 

drical chamber, 
the first and second liquids having Substantially the same 

density and different refractive indices: 
a first hydrophobic dielectric layer coated inside the first 

cylindrical chamber; and 
a first electrode layer coated on the first hydrophobic 

dielectric layer. 
23. The programmable multi-focal camera of claim 22, 

wherein the second double-liquid variable focal lens com 
prises: 

a second cylindrical chamber, 
a third and a fourth liquid enclosed within the second 

cylindrical chamber, 
the third and fourth liquids having substantially the same 

density and different refractive indices: 
a second hydrophobic dielectric layer coated inside the 

second cylindrical chamber; and 
a second electrode layer coated inside the second hydro 

phobic dielectric layer. 
24. The programmable multi-focal camera of claim 23, 

wherein the first and third liquid comprise a conductive liq 
uid. 
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25. A variable focal lens, comprising: 
a cylindrical chamber, 
a first and a second liquid layers enclosed within the cylin 

drical chamber and holding a liquid of a first type; and 
a third liquid layer in between the first and the second liquid 

layers and holding a liquid of a second type. 
26. The variable focal lens of claim 25, wherein the liquid 

of a first type comprises a conducting liquid and the liquid of 
a second type comprises an insulating liquid. 

27. The variable focal lens of claim 26, wherein the liquid 
of a first type comprises an insulating liquid and the liquid of 
a second type comprises a conducting liquid. 

28. The variable focal lens of claim 27, wherein the first 
liquid layer and the third liquid layer form a first liquid inter 
face and the second liquid layer and the third liquid layer form 
a second liquid interface. 

29. The variable focallens of claim 28, wherein the first and 
the second liquid interfaces have opposite varying curvatures. 

30. The variable focal lens of claim 29, wherein the con 
ducting liquid and the insulating liquid have Substantially the 
same density and different refractive indices. 

31. The variable focal lens of claim 25, further comprising: 
a hydrophobic dielectric layer coated inside the cylindrical 

chamber; and 
a electrode layer coated inside the hydrophobic dielectric 

layer. 
32. A method of fabrication of an optical imaging appara 

tus having a variable focal length, comprising: 
fabricating a triple-layer, double-liquid variable focal lens, 

having a first and a second liquid layers holding a liquid 
of a first type and a third liquid layer holding a liquid of 
a second type placed in between the first and the second 
liquid layers; 

arranging the triple-layer, double-liquid variable focal lens 
in a package; and 

providing a programmable controller in the package to 
apply Voltages to the liquid layers. 

33. The method of claim 32, wherein the liquid of a first 
type comprises a conducting liquid and the liquid of a second 
type comprises an insulating liquid. 

34. The method of claim 33, wherein the liquid of a first 
type comprises an insulating liquid and the liquid of a second 
type comprises a conducting liquid. 

35. The method of claim 34, wherein the first liquid layer 
and the third liquid layer form a first liquid interface and the 
second liquid layer and the third liquid layer form a second 
liquid interface. 

36. The method of claim 35, wherein providing the pro 
grammable controller comprises applying a Voltage to the 
first and the second liquid layers, the first and the second 
liquid layers holding a conducting liquid and the third liquid 
layer holding an insulating liquid. 

37. The method of claim 35, wherein providing the pro 
grammable controller comprises applying a Voltage to the 
third liquid layer, the third liquid layer holding a conducting 
liquid and the first and the second liquid layers holding an 
insulating liquid. 


